Abstract-Harbor seals (Phoca vitulina) inhabiting Puget Sound (WA, USA) recently were found to be seven times more contaminated with polychlorinated biphenyls (PCBs) than those inhabiting the adjacent Strait of Georgia (BC, Canada). We carried out a food basket approach to approximate realistic dietary exposures of both new (e.g., polybrominated diphenyl ethers [PBDEs]) and legacy (e.g., dichlorodiphenyltrichloroethane [DDT]) persistent organic pollutants (POPs) for these harbor seals. Food basket homogenates, each consisting of over 200 individual prey items, were constructed using documented dietary preferences for harbor seals in these basins, and analyzed for organochlorine pesticides, flame retardants, and other persistent contaminants. Concentration rankings for the major contaminant classes in the Puget Sound food basket were ⌺PCBs Ͼ ⌺PBDEs Ͼ ⌺DDT, and for the Strait of Georgia food basket were ⌺PCBs Ͼ ⌺DDT Ͼ ⌺PBDEs, highlighting the emergence of PBDEs as a significant concern in the regional environment. Consistent with observations in harbor seals, PCB concentrations in the Puget Sound food basket were seven times higher than in its Strait of Georgia counterpart. Based on our food basket results, the estimated daily intake of ⌺PCB toxic equivalents to dioxin by Puget Sound harbor seals exceeds some wildlife consumption guidelines for PCBs. Our results indicate that both legacy and new POPs present a health risk to these marine mammals.
INTRODUCTION
Persistent organic pollutants (POPs) include a wide array of compounds characterized by low water solubility, high lipid solubility, and resistance to metabolism and degradation in the environment. Because these fat-soluble compounds are not metabolized easily, they can reach high concentrations in organisms through bioaccumulation and in food webs through biomagnification. Persistent organic pollutants include industrial compounds and flame-retardants such as polychlorinated biphenyls (PCBs), polychlorinated naphthalenes (PCNs), polybrominated diphenyl ethers (PBDEs), polybrominated biphenyls (PBBs), industrial byproducts such as polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated dibenzofurans (PCDFs), as well as the organochlorine (OC) pesticides such as dichlorodiphenyltrichloroethane (DDT), hexachlorobenzene (HCB), and hexachlorocyclohexane (HCH). Exposure to POPs has been associated with immunotoxicity, endocrine disruption, reproductive impairment, and developmental abnormalities in humans and wildlife [1, 2] . High trophic-level marine mammals appear particularly vulnerable; POP mixtures (dominated by PCBs) have been associated with impaired reproduction and reduced immune function and the disruption of vitamin A and thyroid hormones in captive and free-ranging harbor seals [3] [4] [5] [6] .
Free-ranging (live-captured) harbor seal pups inhabiting Puget Sound (WA, USA) recently were found to be seven times more contaminated with PCBs (18.1 Ϯ 3.1 mg/kg lipid in blubber) than those inhabiting the adjacent Strait of Georgia * To whom correspondence may be addressed (rosspe@pac.dfo-mpo.gc.ca).
(BC, Canada; 2.5 Ϯ 0.2 mg/kg lipid) [7] . Elevated POP concentrations have been detected in other biota inhabiting Puget Sound and the Strait of Georgia, with both regions being subjected to a combination of a regional introduction of contaminants along with those introduced from other regions by other processes, including long-range atmospheric transport. Although historical differences in regulations, sources, usage, and spills partly explain differences in POP levels between the two basins, differences in contaminant fate processes (e.g., as influenced by geological, hydrological, topographical, and oceanographic features) also are at play. Relative to the Strait of Georgia, Puget Sound is smaller, is semi-enclosed, and has limited sedimentation rates [8] . The Strait of Georgia encompasses a larger area, is subject to greater tidal influences, and has relatively high sedimentation rates.
As with humans and terrestrial mammals, the dominant pathway for bioaccumulation of POPs in marine mammals is through dietary intake [9] . Two basic components are needed when assessing contaminant exposure: The identification and quantification of food items consumed and the measurement of contaminants in these food items. In the case of humans, surveys (questionnaires) generally provide the information required when quantifying food items consumed. Market basket or food basket studies then are used in human health risk assessments to approximate realistic exposures to contaminants (including PCBs, OC pesticides, metals, and radionuclides) through dietary intake [10] [11] [12] . In the case of wildlife, generating such information represents a major challenge, reflecting the often-incomplete knowledge of their consumption patterns (e.g., prey selection, age, quality, and spatial/temporal abundance). A range of techniques has been used to quantify Table 1 . Annual prey consumption estimates for Puget Sound (WA, USA) harbor seals (estimates from S. J. Jeffries, unpublished data). A wide variety of prey species are reflected in the construction of a weighted, prey-specific food basket for contaminant analysis. NC ϭ not collected [13] [14] [15] [16] .
With their omnivorous nature, high trophic position, and nonmigratory nature in many regions, harbor seals can serve as local sentinels of food web contamination [1] . However, seasonal and regional variation in prey availability must be considered when describing feeding preferences within and among harbor seal populations [17] , something that represents a complication for ecotoxicological studies. Indeed, differences in dietary intakes have been observed between seals of Puget Sound and seals of Strait of Georgia, likely reflecting differences in relative prey abundance. Puget Sound harbor seals consume a wide variety of prey species, whereas seals in the Strait of Georgia largely rely on two species: Pacific hake (Merluccius productus) and Pacific herring (Clupea harengus pallasi; Tables 1 and 2) .
Given the availability of information on the dietary preferences of harbor seals inhabiting both Puget Sound and the Strait of Georgia, an opportunity existed for an assessment of dietary exposure to contaminants in these basins. We hypothesize that two mechanisms could explain the increased PCB concentrations in Puget Sound harbor seals [7] : Regional variation in contaminant inputs or differences in prey selection between basins. Our objectives in this study were to determine whether a food basket approach represents a viable risk-assessment method for dietary exposure and to improve our understanding of contaminants of current concern in regional harbor seal habitat.
MATERIALS AND METHODS

Harbor seal diets
In order to construct harbor seal food baskets, we used dietary preferences documented for Strait of Georgia harbor seals [17] . Because no published account of the dietary preferences of Puget Sound harbor seals exists, one of the authors (S. Jeffries) conducted a pilot study of harbor seal feeding preferences in this basin. Briefly, harbor seal diet was estimated from scat samples collected from Gertrude Island (southern Puget Sound, WA, USA) during the period June 1994 to October 1995. The hard parts of prey species (e.g., bones and otoliths) isolated from scat samples were identified to taxon in 207 samples at the National Marine Mammal Laboratory (P. Browne, unpublished data) using methods described elsewhere [18] . Percentage of diet by weight was estimated using frequency of occurrence, minimum number of individuals identified using all prey hard parts, mean mass of prey species calculated from otolith length, and total mass of prey consumed. Harbor seals diet preferences are summarized for Puget Sound (Table 1 ) and the Strait of Georgia (Table 2) .
Sample collection
Harbor seal prey items (Tables 1 and 2 124Њ38ЈW and 48Њ53ЈN, 123Њ27ЈW at depths of 20 to 50 m (Fig. 1) . We collected seal prey-sized individual fish of each species (i.e., Ͻ25 cm) for homogenization and harbor seal food basket construction. Gross measurement data including weight, fork or mantle length, and sex were recorded (results not shown). Samples were wrapped individually in acetone-and hexane-rinsed aluminum foil, bagged, and frozen at Ϫ20ЊC for subsequent analysis.
Food basket design
Whole fish were homogenized individually (n ϭ 10-12 per species consisting of 5-6 male and 5-6 female) and subsequently homogenized into 100-g species pools for each basin using a Sorvall Omni Mixer (Newton, CT, USA), a Hobart grinder (Hobart, Troy, OH, USA), and a Polytron PT 10/35 Brinkmann homogenizer (Luzern, Switzerland). All equipment was rinsed with 4% Extran 300 (EM Science, Darmstadt, Germany), followed with double Milli-Q deionized water (Millipore, Nepean, ON, Canada) between fish of the same species and finally rinsed twice with acetone (Omnisolve gas chromatography [GC]-grade; EM Science, Gibbstown, NJ, USA) and twice with hexane (Omnisolve GC-grade) between different species. A 250-g harbor seal food basket was constructed from individual species pools for both Puget Sound and the Strait of Georgia. Because some harbor seal prey items were not caught during trawls, the final diet compositions were adjusted slightly from the original diet composition estimates. The Puget Sound food basket consisted of approximately 94% of the annual harbor seal intake and the Strait of Georgia food basket consisted of approximately 96% of the annual harbor seal intake [17] .
Two additional food baskets were constructed for a dietswitching exercise aimed at assessing whether local contamination or dietary differences explained the degree of contamination in Puget Sound: A food basket for Puget Sound seals if they were to adopt the Strait of Georgia seal dietary preferences (i.e., Strait of Georgia diet using Puget Sound prey samples) and a food basket for Strait of Georgia seals if they POPs in the diet of harbor seals Environ. Toxicol. Chem. 24, 2005 2565 were to adopt the Puget Sound seal diet (i.e., Puget Sound diet using Strait of Georgia prey samples). If differences in feeding preferences between the two seal populations explained the increased contamination of Puget Sound seals, then we would expect the PCB concentrations to decrease if they were to adopt the Strait of Georgia harbor seal diet.
Contaminant analyses
Four food basket samples (10 g) were analyzed for congener-specific PCBs, PCDDs, PCDFs, PBDEs, PBBs, and PCNs (reported as individual or coeluting congeners) using high-resolution GC/high-resolution mass spectrometry (MS). Extraction and clean-up procedures, instrumental analysis and conditions, and quality assurance/quality control criteria used for PCBs, PCDDs, and PCDFs for the Regional Contaminants Laboratory (Fisheries and Oceans Canada, Sidney, BC) are described elsewhere [19, 20] . The sample batch for PCBs, PCDDs, and PCDFs included a procedural blank, a replicate, and a certified reference material (herring) sample [20] . Based upon 45 individual, congener-specific PCB analyses by this laboratory, we calculated the reproducibility of this certified reference material as 94.5 Ϯ 15.4 g/kg wet weight (mean Ϯ standard deviation) as assessed by homolog group. The calculated reproducibility for 2,3,7,8-tetrachlorodibenzofuran during the same exercise was 2.46 Ϯ 0.42 g/kg wet weight.
Polybrominated diphenyl ethers, PBBs, PCNs, and OC pesticides were analyzed by AXYS Analytical Services (Sidney, BC, Canada) according to their laboratory procedures and criteria. The PBDE method is based on the U.S. Environmental Protection Agency draft analytical method and procedure 1614 ( [21] ; http://www.arb.ca.gov/aaqm/qmosopas/dioxins/methods/ 1614-draft.pdf). The GC-MS method for OC pesticide determination is based on U.S. Environmental Protection Agency 8270 [22] modified to include isotope dilution quantification, and the GC with electron capture detection method is based on modified U.S. Environmental Protection Agency method 8081 [23] . The PCN and PBB analyses were carried out using an in-house GC/high-resolution MS method with isotope dilution or internal standard quantification.
Samples for PBDEs, PBBs, PCNs, and OC pesticides were spiked with 13 C-labeled surrogate standards and then ground with anhydrous sodium sulphate. Samples were transferred to a soxhlet thimble, surrogate standard was added, and samples were refluxed for 16 h with dichloromethane. The extract was eluted through a gel permeation column with 1:1 dichloromethane:hexane. The extract was applied to a partially deactivated Florisil column and eluted with hexane followed by 15:85 dichloromethane:hexane. Eluates then were combined and eluted with 1:1 dichloromethane:hexane and each fraction was concentrated. All solvents used were pesticide grade (J.T. Baker, Phillipsburg, NJ, USA).
Instrumental analysis by low resolution GC/MS was carried out using a Finnigan 
Nutrient analyses
Nutrient analyses, including total calories (energy), carbohydrate, lipid, and protein, were determined through carbohydrate analysis by M.B. Laboratories (Sidney, BC, Canada).
Stable isotopes
Subsamples of whole prey homogenates for stable isotope analyses were freeze-dried for 48 to 72 h and then ground to a fine powder using a mortar and pestle. Seal skin biopsies were collected from free-ranging animals inhabiting Puget Sound (n ϭ 12 pups; n ϭ 8 adults; Gertrude Island) and the Strait of Georgia (n ϭ6 pups; n ϭ 15 adults; Fraser River Estuary). Seals were captured and released following sampling as described elsewhere [7] under the auspices of animal care and scientific permits issued by Fisheries and Oceans Canada, and in accordance with the Canadian Council of Animal Care. Skin tissues were freeze-dried for 48 to 72 h and cut into finite piece fragments using scalpel blades. Bulk stable carbon and nitrogen isotope ratio ( 15 N: 14 N and 13 C: 12 C) measurements were made using a Fisons NA 1500 elemental analyzer (Milano, Italy) interfaced to a Finnigan 252 isotope ratio mass spectrometer (Bremen, Germany). Isotopic composition is expressed in ␦ notation as the proportional deviation in parts per thousand (‰) of the isotope ratio in a sample from that of a standard
sample standard where X is 13 C or 15 N, and R sample and R standard are the ratios of 13 C: 12 C or 15 N: 14 N for the sample and standard [24] . The standards used for carbon and nitrogen isotope ratio analyses included PeeDee belemnite (PDB), atmospheric nitrogen (air), and acetanilide (Baker), an in-house standard.
Data reporting
The numbers of PCB congeners detected either as individual or coeluting congeners were 183 and 176 out of 209, numbers of PCDD congeners detected were 5 and 5 out of 75 congeners, and numbers of PCDFs were 3 and 2 out of 135 congeners in the Puget Sound and the Strait of Georgia food baskets, respectively. The numbers of PBDE congeners detected either as individual or coeluting congeners were 24 and 19 out of 209, numbers of PBB congeners were 10 and 8 out of 209, and numbers of PCN congeners were 47 and 40 out of 75, for the Puget Sound and Strait of Georgia food baskets, respectively.
Concentrations were reported for individual PCB congeners when 70% or more of samples (within a sample batch of 10) had detectable concentrations. Congener concentrations detected in less than 70% of samples were not reported nor included in total concentrations. Where 70 to 100% of samples had detectable concentrations, detection limit values, described elsewhere [20] , were substituted for nondetected values. All results have been reported on both a wet weight and lipid weight basis. Toxic equivalent concentrations (TEQs) to 2,3,7,8-tetrachlordibenzo-p-dioxin were calculated for PCBs, PCDDs, and PCDFs using World Health Organization International toxic equivalent factors for humans and wildlife [25] .
For the purposes of this paper, we compare lipid-adjusted contaminant concentrations for the two food baskets, and we use wet-weight contaminant concentrations that are equalized to lipid across basins to explore dietary exposure scenarios. In other words, we assume, for the purposes of our exposure estimates, that seals from both Strait of Georgia and Puget Sound consume similar amounts of lipid and, hence, higher total mass of prey for Puget Sound seals.
RESULTS AND DISCUSSION
To help explain why Puget Sound seals are more contaminated with PCBs than the Strait of Georgia seals [7] , we carried out a food basket approach to assess dietary exposure by seals of both basins to POPs. Our food basket approach generated integrated dietary signals for two adjacent and nonmigratory seal populations that consume different diets, something that enables the exploration of such features as dietary exposure and exposure-associated health risks.
Food basket contaminant concentrations
Highest total concentrations of POPs in our two food baskets (Puget Sound and Strait of Georgia) included those that have been regulated in North America (i.e., PCBs and DDT), as well as surprisingly high levels of the largely unregulated PBDEs (Table 3) . Concentration rankings for the top three POP classes were ⌺PCBs Ͼ ⌺PBDEs Ͼ ⌺DDT for the Puget Sound food basket and ⌺PCBs Ͼ ⌺DDT Ͼ ⌺PBDEs for the Strait of Georgia food basket. The ratio of PBDE:PCB concentrations (0.2 for Puget Sound; 0.3 for Strait of Georgia) underscore the emerging risk that PBDEs present to marine wildlife in this coastal environment. Although PBDEs largely are unregulated in North America and toxicological data are limited, their chemical similarity to PCBs, laboratory rodent studies [26] , and associative evidence in gray seal field studies [27] suggest that they possess endocrine-disrupting potential. Moves in Canada and the USA currently are being made to regulate or voluntarily withdraw penta-and octa-PBDE formulations.
The Puget Sound food basket was seven times more contaminated with PCBs (2.90 mg/kg lipid) than the Strait of Georgia seal food basket (0.41 mg/kg lipid; Table 3 ). This is consistent with previous observations that Puget Sound harbor seal pups are seven times more contaminated (18.1 Ϯ 3.1 mg/ kg lipid) than those inhabiting the Strait of Georgia (2.5 Ϯ 0.2 mg/kg lipid) [7] .
The ⌺TEQs of the Puget Sound food basket were 4.7 times higher (lipid wt) than the Strait of Georgia food basket ( Table  4 ). The ⌺PCB TEQs largely accounted for the ⌺TEQs in Puget Sound food basket, whereas the ⌺PCDD and ⌺PCDF TEQs accounted for a greater proportion of ⌺TEQs in the Strait of Georgia food basket. Although higher PCDD and PCDF con- centrations were documented previously for Strait of Georgia harbor seals relative to Puget Sound harbor seals [7] , the higher PCDD and PCDF concentrations in the Puget Sound food basket compared to the Strait of Georgia food basket may indicate a contaminant-related induction of detoxifying enzymes in the more contaminated seals, which preferentially could eliminate planar PCDDs and PCDFs. Another study noted the relative ease with which harbor seals can eliminate planar POPs, such as 2,3,7,8-tetrachlordibenzo-p-dioxin [28] , compared to nonplanar or globular POPs, such as the mono-ortho PCBs. Alternatively, these results may indicate that the sampled seals were feeding on prey items or in areas other than those captured by our food basket collections. The concentration rankings of the major organochlorine pesticides in the Puget Sound food basket were ⌺DDT Ͼ nonachlor Ͼ ⌺HCH Ͼ chlordane Ͼ HCB Ͼ heptachlor Ͼ mirex and, in the Strait of Georgia food basket, were ⌺DDT Ͼ ⌺HCH Ͼ nonachlor Ͼ HCB Ͼ chlordane Ͼ heptachlor Ͼ mirex ( Table  3 ). The high relative concentrations of DDT breakdown products, o,pЈ-DDD ϩ p,pЈ-DDD (i.e., 12 and 13% of ⌺DDT in Puget Sound and Strait of Georgia, respectively), and o,pЈ-DDE ϩ p,pЈ-DDE (i.e., 84 and 81% of ⌺DDT in Puget Sound and Strait of Georgia, respectively), compared with unmetabolized o,pЈ-DDT ϩ p,pЈ-DDT (i.e., 5 and 6% of ⌺DDT in Puget Sound and Strait of Georgia, respectively), suggests that DDT contamination of these basins is old, with relatively little in the way of fresh inputs.
Although the concentrations of PCBs, PCDDs, PCDFs, and flame retardants were considerably higher in the Puget Sound food basket, many of OC pesticides, notably those with high volatilities (e.g., HCB, HCH), were represented more equally in the two food baskets. Hexachlorocyclohexane and HCB often are touted as pesticides that exemplify the grasshopper effect by readily volatilizing from source regions and moving great distances before deposition and incorporation into remote aquatic food webs [29] . Differences in regulations, historical applications/disposal, physicochemical properties, transport and fate processes in the regional environment, as well as differences in uptake, bioaccumulation, and metabolism within the many species present in the two food baskets, contribute in varying ways to the observed differences in contaminant concentrations and contaminant patterns.
Food basket contaminant patterns
Contaminant homolog patterns reveal some basic differences between the Puget Sound and the Strait of Georgia food baskets (Fig. 2) . The PCB homolog pattern appears heavier in the Puget Sound food basket than in the Strait of Georgia food basket (Fig. 2) , consistent with previous observations in harbor seals [7] . Puget Sound is a highly industrialized area where physical and oceanographic features favor the retention of more heavily chlorinated PCBs. Less-chlorinated PCB congeners are more volatile, leading to their relative depletion in source regions and their subsequent atmospheric transport into more remote areas [7, 29, 30] .
Polychlorinated dibenzo-p-dioxin/F patterns in the Strait of Georgia food basket (Fig. 2) appear consistent with an extensive history of pulp and paper and wood-treatment facilities (pentachlorodibenzo-p-dioxins, hexachlorodibenzo-p-dioxins, tetrachlorodibenzofurans, pentachlorodibenzofurans), coupled with industrial/municipal combustion (octachlorodibenzo-pdioxins), though the Puget Sound food basket appears to reflect a more pronounced combustion signal [31] . Temporal trend analysis of environmental samples suggest that regulatory controls have contributed to greatly reduced inputs of dioxins and furans into the Strait of Georgia over the past 15 years [32] .
The PBDE patterns were similar in the two food baskets, predominantly consisting of the tetra-and penta-brominated compounds observed in other biota in the region [33, 34] (Fig.  2) . Polychlorinated naphthalenes patterns show a predominance of tetra-and penta-chlorinated compounds in both food baskets. Tetra-, penta-, and hexa-chlorinated naphthalenes were the predominant homolog patterns observed in Baltic Sea benthic food chain species [35] . Polybrominated biphenyl patterns in both food baskets were characterized by tri-through hexa-brominated biphenyls, with tetra-through hexa-brominated biphenyls being most prominent. Our food basket PBB patterns, in part, may reflect hexa-brominated biphenyl commercial mixtures and/or debromination products of octa-and deca-brominated biphenyl commercial mixtures [36] .
The PCB pattern differences between food baskets of Puget Sound and Strait of Georgia are captured more clearly when individual congener profiles are corrected to PCB 153 and plotted as ratios between the two basins (Fig. 3) . These PCB 153-corrected profiles clearly indicate that the Puget Sound food basket is characterized by a heavier (more chlorinated) PCB mixture, consistent with its role as a source or PCB hotspot in the regional environment [7] . These observations in both seals and seal food baskets also provide further evidence of relative dispersion of lighter (i.e., lower log H and K ow ) PCB congeners in food chains away from sources and into more remote regions and food chains.
Stable isotope ratios in seals and their prey from different regions should provide an integrated measure of trophic level [24] as well as generate information on feeding ecology over extended time periods [37] . Although limited sample size precluded us from determining whether significant differences existed between our two food baskets, nitrogen ratios indicate that the Puget Sound food basket (␦ 15 N ϭ 14.4 Ϯ 0.1) was slightly higher in trophic position than the Strait of Georgia food basket (␦ 15 N ϭ 12.9 Ϯ 0.4). In addition, slight differences in ␦ 15 N ratios were observed between Puget Sound adult harbor seals and young harbor seals, suggesting that Puget Sound seals feed slightly higher trophically than the Strait of Georgia seals (results not shown). Although this partly may explain the observed differences, a trophic level-associated bioaccumulation of contaminants is very unlikely to explain a sevenfold interbasin difference in the contamination of seals. Although pups are not yet feeding directly on prey, they will reflect the integrated intakes of the transplacental and lactational transfer from their mothers [38, 39] .
Contamination from feeding differences or source differences
The contaminant concentrations in the Puget Sound and Strait of Georgia food baskets explain the sevenfold difference in PCB levels in harbor seals inhabiting the two basins, yet beg the question of whether the Puget Sound harbor seals are more contaminated due to differences in feeding (prey selection) or whether Puget Sound generally is a more-contaminated ecosystem. Two scenarios may underlie the observed differences between the two basins: Seals and the food baskets may be more contaminated in Puget Sound because the Puget Sound ecosystem is seven times more contaminated than the Strait of Georgia or seals select more contaminated prey species in Puget Sound (e.g., longer lived, higher trophic level, morecontaminated prey). If the same prey species are contaminated Fig. 3 . Ratio of polychlorinated biphenyl (PCB) patterns in the Puget Sound (WA, USA) to the Strait of Georgia (BC, Canada) harbor seal food baskets. The Strait of Georgia food basket is dominated by the lower-chlorinated (lighter) PCBs, and the Puget Sound food basket is dominated by the higher-chlorinated (heavier) PCBs, similar to patterns observed in seals inhabiting these two basins [7] . We log-normalized the food basket congener data from both basins to PCB-153 to eliminate concentration differences from congener patterns: log ( equally in both basins, we would predict that, if Puget Sound prey samples were used to construct a Strait of Georgia food basket (i.e., the menu consumed by Strait of Georgia seals), this would decrease contaminant concentrations to the level observed for the Strait of Georgia food basket. Alternatively, if the same prey species were more contaminated in Puget Sound as a consequence of local (i.e., Puget Sound-specific) environmental contamination, we would not expect such a decrease when Puget Sound prey samples were used to construct a Strait of Georgia food basket. Our two additionally constructed food baskets found Puget Sound food basket PCB levels to increase with the Strait of Georgia seal diet (from 2,904 to 4,363 g/kg lipid) and Strait of Georgia food basket PCB levels to decrease with the Puget Sound seal diet (from 407 to 354 g/kg lipid). These results clearly indicate that prey selection does not explain the observed differences and that the degree of contamination of the original Puget Sound food basket (and harbor seals) relates to an effect of local contamination within Puget Sound.
Risk characterization using prey tissue concentrations
Food basket ⌺PCB (Table 3 ) and ⌺PCB TEQ (Table 4) concentrations were compared with published estimated dietary threshold concentrations (based on biomagnification factors and measured as the mean of the no-observed-adverseeffect level and lowest-observed-adverse-effect level) as a means of assessing potential health risks associated with dietary exposure in seals. Both Puget Sound and Strait of Georgia food basket concentrations were below a PCB dietary threshold concentration of 140 g/kg diet wet weight for immune and reproductive impairment in seals [40] based on semi-field feeding studies [5, [41] [42] [43] [44] . Both also were below the 250 g/ kg wet weight threshold for reproductive toxicity in mink (Mustela vison) [40] established in laboratory feeding studies [45, 46] . However, the Strait of Georgia food basket is approaching, and the Puget Sound food basket exceeded, the dietary threshold of 20 g/kg wet weight for vitamin A disruption in European otter (Lutra lutra) [40] established in semi-field feeding studies [47] [48] [49] .
The Strait of Georgia food basket ⌺PCB TEQs (0.28 ng TEQ/kg diet wet wt) fell below the Canadian PCB tissue residue guidelines for the protection of mammalian wildlife consumers of aquatic biota (0.79 ng TEQ/kg diet wet wt). However, the Puget Sound food basket ⌺PCB TEQs (1.01 ng TEQ/ kg diet wet wt) exceeded these guidelines [50, 51] . Both Puget Sound and the Strait of Georgia food baskets fell below the U.S. National Academy of Sciences/National Academy of Engineering ⌺PCB guideline (500 g/kg diet wet wt) and the New York State Department of Environmental Conservation ⌺PCB guideline (110 g/kg diet wet wt) for fish-eating wildlife [52] . The Canadian guidelines are more conservative than U.S. National Academy of Sciences/National Academy of Engineering and New York State Department of Environmental Conservation guidelines because they consider chronic toxicity, potential carcinogenicity, and reproductive effects [50] . Given that we have observed adverse health effects in Puget Sound harbor seals [6] , our food basket results may provide a means to generate updated guidelines for the protection of wildlife.
Risk characterization using estimated daily intakes
A comparison of tissue residue concentrations in the two seal food baskets to consumption guidelines ignores an important consideration. Qualitative features such as composition and energy content (related to lipid content) of the seal diet influence quantitative aspects of dietary intakes [53] . Harbor seals likely prefer high-energy prey such as herring whenever available [17] . Studies of pinniped energetics suggest that seals consuming a low-energy (low lipid content) diet need to compensate by consuming more mass of food than seals consuming a high-energy (high lipid content) diet [54] . Energy content of prey, therefore, needs to be considered when estimating diet consumption [53] [54] [55] . Nutritional content (including energy, protein, carbohydrate, and lipid) differed slightly between the Puget Sound and the Strait of Georgia food baskets (Table 5) , leading us to normalize contaminant exposure estimates on the basis of lipid content. The consistency in lipid-adjusted PCB concentrations across basins for both seals (7.2ϫ) and seal food baskets (7.1ϫ), in fact, may provide support for the notion that seals forage on a lipid-weight basis [53] [54] [55] .
Characterizing risks associated with dietary contaminant concentrations, in this manner, may be better captured in the calculation of the estimated daily intake. Tissue residue guidelines used alone do not provide enough information to estimate fully dietary exposure to contaminants. Because prey consumption differs between harbor seals inhabiting Puget Sound and the Strait of Georgia (Tables 1 and 2 ), estimated dietary exposure using calculated estimated daily intakes based on amount of prey (quantity) with consideration of lipid content (quality) better reflects contaminant intake. As expected, the estimated daily intakes and estimated annual intakes of POPs for harbor seals (Table 6 ) indicate that Puget Sound seals are exposed to much higher dietary concentrations of PCBs than Strait of Georgia seals.
In captive-feeding studies where harbor seals were fed similar prey (herring) that differed in lipid content, intake was adjusted accordingly to compensate for energy requirements and toxicological exposure assessments; body weights in the Table 6 . Estimated daily intake and estimated annual intake of persistent organic pollutants (POPs), on a wet weight basis, by adult harbor seals for Strait of Georgia (BC, Canada) and Puget Sound (WA, USA) based on contaminant analyses of our food baskets. Energetic studies suggest that pinnipeds may consume on a lipid-content (energy) basis [55] ; in this case, Puget Sound seals would consume more prey on a wet weight basis to compensate for lower lipid content (Strait of Georgia ϭ 4.4 Ϯ 0.3% vs Puget Sound ϭ 1.9 Ϯ 0.1%). Based on energetic values derived from captive studies [55] , Olesiuk estimated the daily food requirement for a Strait of Georgia adult harbor seal (60-kg female; 75-kg male) to be 2.5 kg of prey [17] a PCB ϭ polychlorinated biphenyl; PBDE ϭ polybrominated diphenyl ether; PBB ϭ polybrominated biphenyl; PCN ϭ polychlorinated naphthalene; PCDD ϭ polychlorinated dibenzo-p-dioxin; PCDF ϭ polychlorinated dibenzofuran; TEQ ϭ toxic equivalents; DDT ϭ dichlorodiphenyltrichloroethane; DDD ϭ dichlorodiphenyldichloroethane; DDE ϭ dichlorodiphenyldichloroethylene; HCB ϭ hexachlorobenzene; HCH ϭ hexachlorocyclohexane.
two groups remained similar during this 30-month study [41] . Impaired immune function and diminished serum vitamin A were observed in juvenile harbor seals having an estimated daily intakes of 1,460 g ⌺PCB/d and 288 ng ⌺TEQ/d [41] . Our estimated daily intakes for adult seals based on both Puget Sound and Strait of Georgia food baskets for ⌺PCB and ⌺TEQ concentrations fell below these estimated daily intakes, but higher metabolic requirements in younger seals would lead to higher contaminant intakes per kg body weight. We estimate that a 25-kg seal would be exposed to 3.2ϫ higher concentrations of PCBs on a body weight basis than adults and, therefore, might be at increased risk for adverse health effects.
CONCLUSION
To our knowledge, this is the first time that a food basket approach has been applied to estimating POP intakes in a marine mammal. Sample size in our study is limited and does not incorporate all of the temporal, spatial, and prey-size variations that are at play in the feeding ecology of free-ranging seals. However, our food baskets consisted of more than 200 individual prey items sampled from each basin and, therefore, provide an integrated dietary intake signal for harbor seals in these areas. We conclude that a food basket approach represents: A relatively straightforward method of assessing dietary POPs in the diet of harbor seals Environ. Toxicol. Chem. 24, 2005 2571 exposure to real-world mixtures of POPs if prey consumption patterns are known; a realistic and integrated dietary signal as a basis for exploring issues of dietary exposure, biomagnification, metabolism, and health risks; and information that is complementary to other studies that rely on the harbor seal as a sentinel of marine ecosystem contamination. Further research into characterizing accumulation patterns of POPs in northeastern Pacific Ocean food webs is needed to better understand sources, pathways, and fate of new and legacy chemicals. Our study demonstrates that important differences in food web contamination exist between Puget Sound and the Strait of Georgia and also highlights the emerging concern of the largely unregulated PBDEs in this region. The recent observations of PCBs and flame retardants in the region's resident and transient killer whales (Orcinus orca) [19, 34] , and in marine mammals from other regions of the world [56, 57] , further underscore the importance of food web-based contaminant studies.
